INTRODUCTION
Vibrio cholerae may be most notable as the causative agent of major outbreaks of diarrheal disease cholera in locations such as Bangladesh, Kolkata, and more recently, Haiti (1) , but this bacterium is also a natural inhabitant of aquatic environments. Within marine and brackish water systems, V. cholerae commonly forms biofilms on abiotic and biotic surfaces, such as planktonic organisms, chitinous chironomids (nonbiting flies), and exoskeletons of copepods and crabs (2, 3, 4) . Association with particulate matter likely aids in transmission of this and other waterborne pathogens (5); however, attachment to chitinous surfaces also provides physiological benefits to V. cholerae. In particular, chitin initiates a developmental program of gene expression allowing V. cholerae to be naturally competent to take up naked DNA from the environment (6) . New genetic material may also be obtained by conjugation (via plasmids) and transduction (via bacteriophages), but when naked DNA is successfully incorporated onto the chromosome and provides novel behavior to the recipient, this process of horizontal gene transfer (HGT) results in "transformation" of the recipient. Natural transformation was first described in 1928 by Griffith in Streptococcus pneumoniae (7) and, since then, has been well studied in several other bacteria (8, 9) .
Early studies revealed that chitin is one of several signals to activate regulatory systems that induce natural competence in V. cholerae [recently reviewed in (10, 11) ]. Currently, genetic evidence supports the role of a chitin utilization system, a quorum-sensing system (QS), and a nucleoside scavenging system in the control of genes that encode components of the "competence apparatus" (6, 12, 13) . Carbon catabolite repression (CCR), a global response to glucose starvation, impinges on all three systems (12, 13, 14) . It is appreciated by studies of other naturally competent microbes that acquisition of extracellular DNA may serve in genome repair, nutrition, as well as for HGT [for reviews see (8, 15, 16) ]. Recent studies described here suggest this may be the case in V. cholerae as well. Since Meibom et al. first documented natural competence in V. cholerae in 2005 (6) , several additional Vibrio species have been shown to be capable of taking up extracellular DNA (17, 18, 19) . It is likely that conditions under which other Vibrio species are also transformable remain to be identified. Finally, although many regulatory systems promoting this process have been identified, much work remains in defining the genes and regulatory connections linking extracellular signal recognition to production of, and uptake by, the transformation apparatus, as well as the fate(s) of the DNA acquired by this process.
THE COMPETENCE APPARATUS
The movement of extracellular naked DNA from outside a bacterial cell to the cytoplasm requires a complex competence apparatus. Pioneering studies have elucidated many of the structural components of the apparatus in Gram positive (Gram + ) bacteria, such as Bacillus subtilis and Streptococcus pneumoniae, and also Gram negative (Gram − ) bacteria, such as Neisseria meningitis and Haemophilus influenzae, which are more closely related to V. cholerae [reviewed in (8) ]. Seitz and Blokesch (20) recently proposed a schematic model of the V. cholerae uptake apparatus based on the transformation proficiency of stains with deletions in each of the known V. cholerae competence genes and also based on localization of several competence proteins by fluorescence microscopy ( Fig. 1) (21) . Future studies will undoubtedly determine the precise role of each of these components in V. cholerae and may reveal unique characteristics that distinguish the Vibrio apparatus from that of other bacteria.
The competence machinery ( Fig. 1 ) delivers extracellular DNA through both the outer membrane (OM) and inner membrane (IM) of Gram − bacteria. H. influenzae and Neisseria gonorrhoeae both restrict uptake to species-specific DNA, by binding to DNA uptake sequences (DUS) of 9 to 10 nucleotides, respectively, which are enriched in the respective genome of each bacterium.
The ComP protein in N. meningitidis has been identified as a likely DUS receptor with higher binding affinity for species-specific sequence than for nonspecific sequence (22) . V. cholerae does not appear to restrict uptake to species-specific DNA, as Suckow et al. have demonstrated the capacity of V. cholerae to take up DNA from other bacteria, such as Escherichia coli, into the periplasmic space between the IM and OM (23) . Consistent with these observations and the lack of specificity for DNA by V. cholerae, vibrios do not appear to encode an analog of ComP.
The Competence Secretin and Channel
Extracellular double-stranded DNA (dsDNA) is delivered across the OM by a secretin channel (Fig. 1) . In N. meningitidis (24) , PilQ, which also serves as the type IV pilus secretin, forms a multimeric structure in the OM, with assistance from the PilP "pilot" protein required for secretin assembly. Presumably, V. cholerae PilP serves a similar purpose. Under conditions that induce competence, V. cholerae cells expressing a functional PilQmCherry translational fusion protein, and observed by fluorescence microscopy, generate punctate foci preferentially localized near PilA pilin structures (below), consistent with the role of PilQ as a competence secretin (20) . However, the appearance of multiple foci, some of which do not localize near PilA filaments, suggests that PilQ of V. cholerae, like N. meningitidis, may serve a variety of purposes. The pilQ gene is part of the pilQ-M operon that has orthologous in other Gram − bacteria (Table 1) . Deletion of any of the five genes in this operon severely impair DNA uptake; however, the roles of PilM, PilN and PilO in V. cholerae and other bacteria remain poorly understood. PilF is also required for DNA uptake and postulated to aid in secretin assembly, similar to the pilot protein PilP (21) .
The secretin allows passage of extracellular dsDNA into the periplasm where it can then access an IM channel. In V. cholerae, the ComEC protein encodes the IM channel, as a ΔcomEC mutant takes up DNA into the periplasm via PilQ, but does not deliver it into the cytoplasm (23) (Fig. 1) . Because a similar phenotype is observed with a ΔcomF mutant, it is possible that this cytoplasmic factor may participate with ComEC in DNA translocation across the IM (20, 21) . (Fig. 1) . In N. gonorrhoeae, ComEA (ComE) is periplasmic, while ComEA of naturally competent Thermus thermophilus contains a predicted transmembrane domain supporting a model that it is an IM protein (25, 26, 27) . Each Vibrio is predicted to encode a ComEA ortholog (Table 1 ) and a V. cholerae ΔcomEA mutant is not transformable (6) . Because a DUS receptor remains to be determined and it is perhaps not utilized for uptake in vibrios, any interplay between ComEA and a putative DUS remains speculative in V. cholerae. Nonetheless, periplasmic V. cholerae ComEA has been show to bind DNA in the periplasm via a conserved helix-hairpin-helix (HhH) motif found in other proteins that display nonspecific DNA binding, and perhaps aids in translocation via a Brownian ratchet mechanism (28) . Based on other Gram − naturally competent bacteria, dsDNA is delivered through the OM, recognized by ComEA, and then processed by periplasmic DNases that degrade one strand of the DNA. V. cholerae encodes two DNases studied for their role in competence, Dns and Xds. Genetic evidence indicates that Dns is the major enzyme required for degradation, as Δdns mutants are hypercompetent for transformation, while Δxds mutants behave similarly to an xds + strain (29) . Although detectable in the periplasm when expressed in E. coli (30), Dns and Xds are likely primarily extracellular in V. cholerae with ComEA playing a role in preventing extracellular DNA degradation by sequestration of DNA in the periplasm (28, 29, 31) . Interestingly, both Dns and Xds also alter biofilm formation consistent with a role for extracellular DNA in biofilm structure (32) . In both Gram − and Gram + bacteria, ssDNA is ultimately the form that enters the cytoplasm via the ComEC channel, although this has not been experimentally validated for vibrios.
The Competence Pilus and Accessory Proteins
Delivery of exogenous DNA from the OM to IM channel is believed to require participation of a dynamic (pseudo)pilin structure that can undergo both assembly and disassembly (Fig. 1) . Pilins describe relatively long filamentous structures that extend beyond the OM of Gram − bacteria, where pseudopilin structures typically do not extend beyond the surface (33) . Each naturally competent Vibrio encodes a pilA-D operon (Table 1) . Based on other competent Gram − bacteria, it was proposed that the subunits of V. cholerae pilin protein, PilA, FIGURE 1 Schematic model of Vibrio cholerae competence apparatus. Incoming dsDNA is transported across the outer membrane (OM) through the PilQ secretin aided by "pilot" protein PilP, assembly proteins PilM, PilN, PilO, and perhaps PilF (green). The pilin (shown retracted here) is composed of PilA subunits processed by the prepilin peptidase (PilD) and anchored to PilC, with assistance from the PilT and PilB (blue). Periplasmic dsDNA associates with the ComEA DNA-binding protein (orange) and has one strand degraded by nucleases. The ssDNA accesses the cytoplasm through the inner membrane (IM) ComEC channel aided by ComF (purple). Putative pilin are indicated (red). Colors correspond to genes indicated in Table 1 . doi:10.1128/microbiolspec.VE-0010-2014.f1 comprise a (pseudo)pilus structure, with the potential to extend beyond the OM. Early studies showed that, indeed, a ΔpilA deletion mutant is defective for DNA uptake (6) . Recently, Seitz and Blokesch (20) have demonstrated that affinity-tagged PilA structures are detectable by immunofluorescence microscopy as filaments that extend beyond the cell surface. This supports a model that V. cholerae expresses a competence pilus composed of major PilA subunits, which extends beyond the OM, presumably via the PilQ secretin pore.
In Gram − bacteria, the IM transmembrane PilC protein is thought to serve as an anchor for (pseudo)pilin assembly. Consistent with this function, V. cholerae mutants lacking PilC (ΔpilC) fail to produce visible PilA filaments and are unable to take up DNA (20) . V. cholerae PilB was predicted to act as a pilus assembly protein with ATPase activity to facilitate pilus elongation and contain a Walker B box motif required for this activity. V. cholerae cells expressing a functional PilB fusion protein to green fluorescence protein (GFP) generate a visible pilus and are proficient at DNA uptake. In contrast, cells expressing no pilB or a pilB-gfp allele with an amino acid substitution in the Walker B motif produce no pilin and are competence deficient (20) . The IM PilD prepilin peptidase processes PilA monomers in other bacteria for assembly into the (pseudo)pilin filament. V. cholerae ΔpilD mutants have viability defects (20) , suggesting a role of PilD in the processing of pilins that may also be involved in other processes. V. cholerae also encodes several putative pilin-related genes (vc0857-61), and while deletion of each severely impairs DNA uptake (20) , their contribution to the competence apparatus remains to be elucidated.
Genome annotation indicates that each competent Vibrio also encodes an NTPase annotated as PilT. In N. gonorrhoeae, PilT protein promotes disassembly of type IV pili, and by analog, likely plays a similar role in retraction of the competence pilus (Fig. 1) . Specifically, N. gonorrhoeae strains lacking pilT produce multiple type IV pili, yet are incapable of pili-dependent phenotypes including natural competence (34) . Similarly, V. cholerae ΔpilT mutants are impaired for natural transformation but express pili, and in some instances are hyper-piliated; a phenotype predicted for mutants lacking pilus disassembly capability (20) .
With the exception of N. gonorrhoeae, which takes up extracellular DNA constitutively (35) , in other wellstudied Gram − and Gram + bacteria, including B. subtilis, S. pneumonia, and H. influenza, genes encoding the competence apparatus are only expressed in response to distinct environmental signals and cues (8) . In V. cholerae, several signal molecules have been identified that trigger DNA uptake, indicating that natural competence is not constitutive. Importantly, data described below supports a model where expression of the V. cholerae competence machinery is coordinated by a set of extracellular signals that are apparently exclusive to the marine environment and absent in the human host.
REGULATORY NETWORK
The ability to sense and respond to environmental signals is critical for survival and adaptation by bacteria. In the case of natural competence in V. cholerae, much was already understood regarding several well-described signal transduction pathways in V. cholerae and related bacteria prior to discovery of their role in DNA uptake. Namely, three signaling pathways converge to regulate the expression of genes required for competence. In each system, the extracellular signal molecules that activate each pathway have been identified. As in other bacteria, competence in V. cholerae is also coordinated in response to starvation. This gives unprecedented opportunity to define the regulatory connections linking these known regulatory systems to the genes required for genetic competence. In particular, a complex regulatory network coordinates Vibrio competence by coupling a starvation response to three extracellular signals: chitin, quorum-sensing autoinducer molecules, and extracellular nucleosides.
Chitin Utilization System
The most abundant biopolymer in the aquatic environments is chitin, which serves as an important source of organic nitrogen and carbon for marine organisms (36, 37) . Chitin is a highly insoluble β-1,4-linked polymer composed of N-acetylglucosamine (GlcNAc) and some glucosamine (GlcN) residues (38). Chains of GlcNAc residues are arranged in antiparallel (α) or parallel (β) configurations. Both forms are found in the marine environments: β-chitin is produced by diatoms and is a major component of squid pens, while the α-form makes up crustacean shells. Annual chitin production in aquatic biospheres is estimated to be more than 10 11 tons, mostly from copepods and other organisms resulting in a continuous "marine snow" of organic matter down through the water column (39, 40) . Chitinolytic bacteria, including members of the family Vibrionaceae, rapidly recycle chitin by breaking down the polymer into its soluble subunits GlcNAc and chitobiose (GlcNAc) 2 . This chitin utilization process allows chitinolytic bacteria to maintain the biogeochemical cycles of nitrogen and carbon in marine environments (41) .
Vibrio species living in aquatic environments are capable of using chitin as a sole source of carbon. Moreover, it was shown that the chitin degradation pathway is highly conserved among vibrios suggesting that chitin metabolism is an ancestral function for the genus (42) . The connection of V. cholerae with chitin is well documented and, for microbial ecology, is one of the bestdescribed examples of a successful bacteria-substrate interaction in the environment (43, 44) . Attachment of pathogenic V. cholerae to chitinous zooplankton likely provides many benefits to the bacterium by providing a nutrient-rich habitat (45) , enhancing transmission of the bacterium to its human host (5, 46) , upregulating attachment and colonization proteins involved in pathogenesis (47, 48) , increasing survival during temperature stress and exposure to stomach acid (49, 50) , and by altering bacterial physiology to induce natural competence (6) . This later role of chitin is our focus here.
Binding to chitin
From the perspective of natural transformation in V. cholerae and other vibrios, the chitin utilization system is initiated by sensing of chitin and can include direct binding to chitinous surfaces. Attachment to chitin in the environment either may be a spontaneous transient event or promoted by chitin and chitin oligomers.
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Li and Roseman have reported chemotaxis of V. cholerae toward chitin oligosaccharides (51) . Based on previous studies of V. furnissii, it is thought that starving cells secrete chitinases that degrade chitin in the microenvironment to generate a gradient of GlcNAc and (GlcNAc) 2 (52, 53) . Chitin degradation is controlled by multiple chitinases (54); however, for chitinolytic bacteria, chiA typically shows the highest expression, such that the ChiA enzyme is the most active in response to chitin (54, 55) . Bacteria led by the gradient are proposed to swim toward chitinous surfaces and induce several types of adhesive pili promoting colonization (48, 56) .
MshA pilin subunits assemble into the mannosesensitive hemagglutinin (MSHA) pilus, a type IV pilus that is involved in colonization and biofilm formation by V. cholerae on nutritive (cellulose) and nonnutritive (borosilicate glass) surfaces (57) . MSHA promotes adherence to both chitin beads (56) and crustaceans or their shells (56, 58) . As crab shells are covered by a nonchitin epicuticle, which must be degraded before chitin degradation can proceed, Meibom et al. suggested that MSHA might initiate adherence that is independent of surface chemistry (56) .
The toxin-coregulated pilus (TCP) is required for intestinal colonization (59, 60, 61, 62) and it serves as the receptor for the cholera toxin-containing CTX phage (63) . Though initially believed that it exclusively promotes attachment to human intestinal cells, TCP also appears to participate in biofilm formation on chitin surfaces (48) . Using a scanning electron microscopy to visualize development of wild type (WT) and TCP mutant biofilms on the surfaces of chitinous squid pens, it was found that TCP does not function as a bacterial adhesin, but promotes biofilm differentiation on chitinous surfaces by mediating cell-to-cell interactions (48) .
GlcNAc binding protein A, GbpA, can also mediate attachment of V. cholerae to chitin, GlcNAc oligomers, and exoskeletons of zooplankton, as well as participate in effective intestinal colonization within the infant mouse model of cholera (47, 64) . The mechanism by which GbpA mediates attachment remains poorly understood (47), but the protein possesses an unusual three-dimensional structure consisting of four separate domains; two are similar to domains of proteins known to bind chitin, while the other two are required for cellcell interactions (65) . It is hypothesized that this domain structure creates a stable interface between V. cholerae and the human or marine host facilitating colonization (65) . The contribution of MshA, TCP, and GbpA to V. cholerae natural competence has not been reported.
Another type IV pilus reported to contribute to colonization of chitin was the PilA-containing chitin regulated pilus (ChiRP) (56) . It was initially speculated that a gradient of chitin oligosaccharides produced by chitinolytic bacteria induced synthesis of ChiRP to promote colonization, followed by efficient digestion and assimilation of the polysaccharides (56) . Later, Meibom et al. provided evidence that this type IV-like pilus is instead a component of the competence apparatus for DNA uptake of V. cholerae (6) .
Extracellular chitin as a signal
Recognition of chitin liberated from chitinous surfaces induces a utilization program in V. cholerae that is tightly connected to DNA uptake. Secreted chitinases that hydrolyze chitin generate a variety of products including GlcNAc, GlcN, oligosaccharides of both monomers, and oligosaccharides that contain both GlcNAc and GlcN. However, only chitin and chitin oligomers [(GlcNAc) n , n=2 to 6] induce the natural competence program (6, 56) . Li and Roseman suggested that GlcNAc could be derived from multiple sources in the environment making the monomeric form poorly suited for a signal to cells to start expression of the chitin catabolic machinery. Chitin oligomers, in contrast, are derived exclusively from chitin, and thus, could serve as a specific signal to bacteria that chitin is available (51) .
The induction of competence by GlcNAc oligomers is a complex process that consists of multiple steps and involves numerous regulatory and structural proteins (6, 12, 51) . A combination of microarray expression and genetic studies of V. cholerae growing on natural chitin surfaces identified a 41-gene regulon involved in chitin colonization, digestion, transport, and assimilation, including many of the genes predicted to encode the competence apparatus (Table 1) (6, 56) . Meibom et al. demonstrated that a subset of these genes is the under control of a membrane-bound chitin-sensing protein, ChiS, with conserved histidine and aspartate residues necessary for the activity of other characterized histidine kinases (56) . The expression of the ChiS-dependent chitinolytic and natural competence genes is regulated by a periplasmic chitin oligosaccharide binding protein (CBP) (51) . Genetic studies suggested that in the absence of chitin, CBP binds to ChiS and inhibits its activity. Based on these results it was hypothesized that in the presence of chitin, oligomers, such as (GlcNAc) 2 , activate ChiS by binding to CBP and neutralizing its repressive effects on ChiS (51) . A putative cognate response regulator for ChiS remains to be identified. Two recent studies have revealed an additional membrane-bound protein, transcription factor TfoS, which links chitin sensing to natural competence (66, 67) . Dalia et al. demonstrated that E. coli expressing tfoS activate transcription of a noncoding small RNA (sRNA) TfoR in response to exogenous (GlcNAc) 2 (66) . Unlike ChiS, which lacks an obvious DNA binding domain, TfoS has a helix-turn-helix motif and can bind to the promoter region of the tfoR gene. Yamamoto et al. further demonstrated that ChiS alleles lacking the conserved histidine and aspartate residues were nonetheless capable of activating TfoS-dependent tfoR transcription (67) . These two studies suggest that binding of (GlcNAc) 2 , via TfoS, and perhaps with contributions from ChiS, stimulates direct transcriptional activation of TfoR sRNA by the TfoS transcription factor (Fig. 2) .
Like many bacterial sRNAs, TfoR requires participation of the RNA binding protein Hfq for recognition of the mRNA target to which it is predicted to bind. TfoR is a positive regulator of the mRNA that encodes a critical transcription factor of the competence state, TfoX (68). Genetic evidence supports that TfoR directly binds the 5′UTR of tfoX, alters mRNA secondary structure to promote access of the ribosome to the ribosome binding site (RBS), and stimulates translation of the TfoX protein (68).
The presence of tfoX homologs in all competent vibrios (Table 1) , combined with the shared capability of vibrios to utilize chitin as a nutrient (42) , suggests that chitin-induced competence may be a shared trait of this genus. However, unlike V. cholerae, transformation of V. fischeri can be induced only by chitin oligosaccharides but not by chitin in the form of crab shell tiles. It is thought that this defect may be due to the relatively poor attachment and growth of V. fischeri on this insoluble substrate (17) . Moreover, the transformation rate of V. fischeri is ∼100-fold lower than in V. cholerae, perhaps consistent with differences in competence regulation in this squid symbiont (17), as described below.
TfoX: Mechanism of competence genes regulation and a role for CRP
TfoX is a critical regulator of DNA uptake in V. cholerae, and a homolog of H. influenzae competence regulator, Sxy (6, 56). Meibom et al. first identified TfoX within a set of 41 chitin-induced genes (56) . Induction of TfoX transcription from a nonnative promoter is sufficient to induce several chitinases and a chitoporin, as well as many of the components of the competence apparatus including pilQ-M, pilA-D, pilT, pilF, and comEA (Table 1) (6, 56) . Recently, TfoX was also shown to have a modest positive effect on expression of comEC (69), consistent with designation of TfoX as a critical positive regulator of natural competence in V. cholerae.
BLAST searches of sequenced Vibrio genomes reveal that many of them also contain a putative paralog of tfoX designated as tfoY (17) 
The manner by which TfoX (and TfoY) activates competence gene transcription is not known. In γ-proteobacteria, including E. coli, V. cholerae, and H. influenzae, TfoX and Sxy have been proposed to positively regulate transcription of competence-related genes by direct interactions with cAMP receptor protein (CRP) (56, 73) . CRP is the global regulator of carbon catabolite repression (CCR) in Gram − bacteria, which together with its allosteric effector cAMP, controls the expression of multiple genes involved in utilization of alternative carbon sources when glucose levels in the cell are low (74, 75) . H. influenzae Sxy is proposed to direct CRP to interact with a competence regulatory element (CRE) sequence (TGCGA-N6-TCGCA) in the comE1 (comEA) and pilA promoters, although a precise mechanism has not been described to fully explain how CRP and/or Sxy engage at the CRE site (which is remarkably similar to the CRP binding site: TGTGA-N6-TCACA) (73) . Inspection of the promoter regions of V. cholerae comEA and pilA indicate potential CRE sites (B. K. Hammer, unpublished). Thus, it is possible that in V. cholerae, as in H. influenzae, CRP via TfoX directly promotes transcription of comEA and other competence genes but the mechanism remains unresolved Several studies support a critical role in V. cholerae for CRP in transformation. First, expression of DNA uptake genes in V. cholerae is subject to CCR, as exogenous glucose prevents transformation. Second, natural competence is also fully abolished by deletion of the ASMscience.org/MicrobiolSpectrumcyaA gene encoding the adenylate cyclase enzyme, which catalyzes cAMP production. Finally, a Δcrp mutant is not competent for DNA uptake (6, 12, 13, 76, 77) .
Chitin appears to be one of the essential signals for induction of natural competence in V. cholerae that is tightly regulated with chitin utilization genes (6).
However, the precise mechanism by which TfoX controls each competence gene promoter remains unknown. Natural competence has not been reported in the absence of TfoX induction suggesting that V. cholerae will only take up naked DNA under conditions with sufficient chitin or GlcNAc oligomers. It remains possible that other signaling pathways stimulate natural competence in the absence of TfoX induction; however, to date, competence in vibrios appears to be restricted to the marine environment where chitin is abundant.
Quorum-Sensing System
In the last several decades, research by many investigators has revealed that QS is a ubiquitous regulatory mechanism used by Gram + and Gram − bacteria to incorporate into gene expression the contribution of cell density. QS allows bacteria to regulate gene expression in response to self-produced signal molecules that accumulate as the number of bacteria in a population increase. The V. harveyi-like Vibrio QS system elucidated primarily by Bassler and colleagues [see (78) for review] was exploited in 2002 to uncover a similar system in V. cholerae (79) described in detail below, followed by the discovery in 2005 that QS is required for natural competence (6) . The V. cholerae competence regulation has been studied most extensively to date; however, Vibrio parahaemolyticus, Vibrio vulnificus, and Vibrio fischeri are all QS-proficient and they are capable of taking up extracellular DNA via transformation (17, 18, 19) . Features of each of these in the Vibrio QS system will be noted if they differ from V. cholerae. Importantly, neither the V. fischeri LuxI/R QS system [reviewed in (80) ] nor the V. parahaemolyticus Scr QS system [reviewed in (81) ] that activates transcription of numerous genes, including gbp (81), have been shown to regulate competence and will not be discussed here.
Extracellular autoinducer signals
Quorum sensing is accomplished as a result of the production of extracellular signal molecules called autoinducers (AIs), and the subsequent recognition of, and response to, these secreted signals. V. cholerae produces two autoinducers, CAI-1 and AI-2, which are released from the bacteria into the extracellular milieu (Fig. 2) . CAI-1, (S)-3-hydroxytridecan-4-one, is produced by the CqsA synthase and detected by the cognate membranespanning CqsS receptor (82) that behaves as a hybrid histidine kinase (HK). The second AI to which V. cholerae responds is AI-2, a furanosyl borate diester, formed by cyclization of the secreted product of the LuxS enzyme, DPD, with boron that is abundant in marine environments (83) . The AI-2 receptor LuxP is a periplasmic protein that associates with the HK LuxQ (84, 85) . Both V. cholerae HKs, CqsS and LuxQ, are capable of donating to or receiving phosphate from the core QS regulatory pathway described below. The core components-LuxU, LuxO, the Qrr small RNA(s), as well as HapR (OpaR/ LitR/ SmcR)-are conserved between sequenced isolates of V. cholerae, V. parahaemolyticus, V. fischeri, and V. vulnificus, respectively, based on genetic and genomic data.
The LuxS/P/Q system is apparently conserved in all vibrios, whereas the CqsA/S system appears to be conserved among many but not all vibrios, including V. cholerae and V. parahaemolyticus (82, 86) . V. fischeri lacks CqsA/S and instead codes for the AinS enzyme that produces an acyl homoserine lactone AI (C8), and the HK AinR, the C8 AI receptor. The AinS/R system behaves similarly to CqsA/S in phosphotransfer to the downstream regulator LuxU (87). V. vulnificus produces QS AIs (88) and encodes core QS regulatory components, hence it is likely that AI recognition controls expression of these downstream components as in the other vibrios. As a result, members of the genus Vibrio differentially regulate expression of genes at low cell density and at high cell density in response to at least two AIs (the general AI-2 and another more specific signal).
The QS autoinducer response
When the number of V. cholerae cells in a population is low, the extracellular concentration of each AI (CAI-1 and AI-2) is also low. Sensors CqsS and LuxP/Q unbound by their respective ligands operate as kinases that transfer phosphate to the phosphotransfer protein LuxU. LuxU in turn donates phosphate to the response regulator protein LuxO. Phosphorylated LuxO (LuxO∼P), in association with the RpoN (σ 54 ) recruits RNA polymerase to the promoters of four sRNAs called the Qrrs (quorum regulatory RNAs). In this way, LuxO, when phosphorylated at LCD, activates transcription of the Qrr sRNAs. The Qrrs are located within intergenic regions on both chromosomes: Qrr1 is located adjacent to the luxOU operon on chromosome 1 and the remaining Qrrs are located on chromosome 2 (89). Interestingly, V. fischeri only contains Qrr1, while V. parahaemolyticus and V. vulnificus have five qrr genes (87, 89) .
V. cholerae encodes numerous sRNAs (90) and, to date, genetic evidence indicates that the four V. cholerae Qrr sRNAs themselves regulate multiple mRNA targets (89, 91, 92, 93, 94) . When the Qrrs are produced, the RNA-binding protein Hfq facilitates the binding of Qrr RNA to the 5′UTR of each mRNA target. Of particular importance here is the role of the Qrr sRNAs in regulating HapR, a transcription factor. The site of Qrr binding overlaps the ribosome binding site of hapR (91) . As a result, Qrr/hapR base pairing prevents HapR translation so that the lack of AIs at LCD results in Qrr transcription and repression of HapR production. Genetic evidence is consistent with the same regulatory mechanism for Qrr control of the HapR homologue in the other vibrios: namely LitR (in V. fischeri) (87) and likely in OpaR (in V. parahaemolyticus) and SmcR (in V. vulnificus) as well.
At high cell density, the V. cholerae AIs bind their cognate HK receptors resulting in a conformational change that disrupts kinase activity and reveals the phosphatase activity of each HK (Fig. 2) . Consequently, phosphorylation of LuxO decreases, Qrr levels decrease, and HapR translation proceeds. HapR plays an important role in regulating biofilm formation and several virulence factors important in vivo (95, 96, 97) and it also promotes expression of the secreted PrtV protease, which protects V. cholerae from grazing by predators in aquatic microcosm experiments (98) . Importantly, HapR is a required activator of genes necessary for natural transformation (6) .
Mechanisms of HapR regulation of competence genes

Gram
− bacteria, H. influenzae and N. menigitidis, rely on DUS sequences to restrict uptake to species-specific DNA and do not regulate competence via QS. In contrast, Gram + B. subtilis and S. pneumoniae, such as V. cholerae, induce competence genes in response to accumulated AI molecules. However, Gram + QS system utilizes distinct peptide-based QS systems unrelated to the system used by V. cholerae and other Gram − vibrios (99) . Nonetheless, the role of QS as a positive regulator in V. cholerae like in other bacteria has been proposed to provide a mechanism to increase the likelihood of taking up extracellular DNA from self or related vibrios (23, 100) .
HapR functions in several ways to regulate genes important for natural competence. One important HapRcontrolled gene is dns, encoding the periplasmic extracellular nuclease, which processes dsDNA, allowing for efficient transport of ssDNA through the IM. As discussed, the DNase enzyme was shown to be the primary nuclease required for efficient uptake, as Δdns strains are altered DNA uptake. HapR is a repressor of dns, and ΔhapR mutants that are derepressed for dns are not competent. By contrast, Δdns mutants are hypercompetent, presumably because Dns is no longer repressed at high cell density, and deletion of dns in a ΔhapR mutant partially restores DNA uptake (29) . Although a degenerate HapR binding motif has been identified in several promoters shown to be directly bound by HapR (101), the dns promoter appears to lack such a motif. The contribution of HapR to competence is not restricted to its role in dns expression. Strains of V. cholerae with ΔhapR deletions, which are not competent for DNA uptake, are also severely impaired for transcription of comEA (6, 23, 100) and modestly impaired for transcription of comEC, which encodes the IM channel (69) . Most recently, Lo Scrudato et al. have identified the QstR regulator in V. cholerae A1552 strain, which provides a positive link between HapR and these competence genes (102) . Namely, HapR binds directly to the promoter of QstR, annotated as a LuxRtype response regulator, and a V. cholerae ΔqstR mutant was reduced for expression of comEA and comEC. It remains unclear how QstR regulates these two competence genes, as QstR was not shown to have DNA binding activity (102) . BLAST analysis indicates that V. vulnificus and V. parahaemolyticus encode a qstR ortholog; however, V. fischeri lacks this regulator (Table  1) . Importantly, one or more intermediate factors likely connect QstR to comEC and comEA transcription.
Finally, as for TfoX, CRP also appears to contribute to the QS pathway, and thus, impinge on natural competence. Liang et al. demonstrated in El Tor strain C7258 that Δcrp mutants are reduced for transcription of the major autoinducer synthase gene cqsA (14) . As both A1552 and C6706 ΔcqsA mutants are defective in DNA uptake (12, 13) , one effect of CRP on competence likely also includes modulation of QS (Fig. 2) . As such, it is proposed that in response to CCR, cqsA transcription is elevated and CAI-1 levels are increased, promoting production of HapR.
Nucleoside Sensing System
When starved for preferred nutrients, many bacteria scavenge low concentrations of nucleosides from the environment that serve as a source of nitrogen and carbon for growth and as precursors for nucleic acid synthesis (103, 104, 105, 106, 107) . Evidence that H. influenzae competence is inhibited by extracellular nucleosides led to the hypothesis that DNA uptake can not only promote HGT but also serve as a mechanism for acquiring nucleic acid precursors (108) . By this hypothesis, a depletion of nucleoside pools signals DNA uptake, while an excess of nucleosides halts competence. In V. cholerae, recent evidence linking nucleoside uptake to competence bolsters such an argument and is described below (13) .
Nucleoside transport
In E. coli, the Tsx porin mediates passive transport of nucleosides across the OM into the periplasm, while Nup (nucleoside uptake) permeases facilitate active transport across the IM into the cytoplasm (Fig. 2) (109,  110, 111) . In E. coli, NupC and NupG are the predominant routes for nucleoside uptake and ΔnupC and ΔnupG mutants are incapable of high-affinity nucleoside uptake or growth on nucleosides as single carbon source (106). NupG can transport a wide range of nucleosides and deoxynucleosides, while NupC does not transport guanosine or deoxyguanosine.
V. cholerae encodes three homologs of NupC family proteins (VC1953, VC2352, and VCA0179) and an ortholog of the Tsx porin, which is annotated as OmpK (VC2305). Although the crystal structure of a V. cholerae NupC homolog (VC2352) has recently been determined (112) and the crystal structure of E. coli Tsx was solved (113) , much remains to be learned about the mechanisms by which these transporters recognize and deliver selective nucleosides. In E. coli, transcription of tsx and nupC is under control of a nucleoside scavenging regulator, CytR, the cytidine repressor protein.
CytR: CRP-dependent anti-activation of DNA uptake
Antonova et al. demonstrated a regulatory link between a nucleoside scavenging system in V. cholerae and natural competence (13), as described prior for H. influenzae as well (108) . Specifically, in a genetic screen for V. cholerae mutants defective in comEA transcription, CytR was identified as a positive regulator of competence gene expression and DNA uptake. V. cholerae ΔcytR mutants are severely impaired for transcription of comEA, pilA, and for the chitinase gene chiA-1, and may positively control additional competence genes as well. The manner in which CytR regulates V. cholerae DNA uptake genes is currently unclear, but genetic evidence suggests that the molecular mechanism of CytR control may be similar to that in E. coli.
When free nucleosides are scarce in E. coli, the set of nucleoside transport (nupG and tsx) and metabolism genes (udp, cdd, deoC) is not activated [for review see (114) ]. Repression (termed "anti-activation" as described here) of this set of genes is orchestrated by interplay between the CytR protein and CRP [see (115) for review]. Each promoter contains a proximal and distal binding site for a CRP dimer, separated by ∼52 nucleotides. CytR binds via protein-protein interactions with each CRP dimer to a degenerate DNA sequence between the proximal and distal CRP binding sites. In this manner, each promoter is "anti-activated" by CytR. However, in E. coli, when free cytidine nucleoside is abundant, binding of the nucleoside to CytR alters the conformation of CytR protein, preventing its interaction with CRP protein at each promoter (in a manner analogous to the derepression of the lac promoter by binding of allolactose to the LacI repressor). In the absence of CytR, each CRP dimer recruits an α subunit C-terminal domain of RNA polymerase, thereby promoting CRP-dependent activation of nucleoside scavenging genes, such as udp, which encodes uridine dephosyphorylase. As in E. coli, CytR-CRP interactions in V. cholerae also anti-activate udp transcription, as ΔcytR mutant shows elevated levels of udp transcription (116) , and amino acid substitutions in CytR that prevent its association with CRP mimic that of a ΔcytR mutant (13) .
While in E. coli CytR anti-activates (or represses) genes, in V. cholerae genetic evidence supports a model that CytR anti-activation has a positive effect on natural competence. Namely, V. cholerae ΔcytR mutants are defective for competence gene expression (comEA and pilA) and DNA uptake, and addition of exogenous cytidine results in similar effects. While it remains possible that V. cholerae CytR may not act in an analogous manner to its E. coli counterpart as an anti-activator, Antonova et al. proposed a speculative model that CytR-CRP anti-activates (represses), the promoter of a putative factor X, which, in turn, behaves as a negative regulator of competence genes (Fig. 2) . These results are consistent with observations that comEA is expressed maximally in WT V. cholerae (CytR Discovery of the direct promoters under CytR-CRP control in V. cholerae will provide additional insight into how CytR-CRP mediates its effects on competence and help identify putative factor X (Fig. 2) . In addition to udp, genomic analysis indicates that tsx (ompK) and cdd may also be direct targets of CytR, containing two CRP binding sites separated by 52 nucleotides. So too, Vc2352, one of the three NupC-like proteins annotated in the V. cholerae genome appears to carry the two CRP binding sites observed in the E. coli nupC promoter region (117) (E. S. Antonova and B. K. Hammer, unpublished data).
Previously, it was demonstrated that CytR represses biofilm formation in V. cholerae strain MO10, although a direct mechanism linking CytR to biofilm genes was not revealed (116) . Recently, Garavaglia et al. have also demonstrated CytR repression of E. coli biofilms, as a ΔcytR mutant displayed reduced expression of the csgDEFG operon, which controls assembly and transport of curli fibers that promote aggregation (118) . Modulation of intracellular pyrimidine concentrations appears responsible for the changes in curli expression, leading the authors to propose that biofilm gene expression is an indirect consequence of CytR control of nucleoside pools in the cell. Thus, it remains possible that CytR does not function via a putative X, but rather indirectly to control competence and biofilms in V. cholerae.
A cytidine-responsive CytR-dependent nucleoside scavenging mechanism, described in E. coli (119), seems to be a critical component of a regulatory network coupling nutrient stress to natural transformation in V. cholerae (13) as described in H. influenzae (108) . However, the precise CytR regulatory mechanism, as well as putative components (such as X), has remained unknown. The fact that CytR anti-activation requires CRP reinforces the critical role for CRP in V. cholerae natural competence (Fig. 2) . As CRP is a pleiotropic regulator in E. coli, it is not surprising that CRP impinges on each of the three major regulatory inputs that control DNA uptake in V. cholerae. The contribution of this CCR response and nucleoside scavenging also provides evidence for the function of DNA uptake in V. cholerae as described below.
FUNCTION(S) OF DNA UPTAKE IN V. CHOLERAE
"Why" bacteria, such as V. cholerae, become naturally competent to take up extracellular DNA is a question that has persisted since the pioneering studies of the "transforming principle" by Griffith and later Avery, McLeod, and McCarthy, who established S. pneumoniae as a model organism for studying natural competence for DNA uptake (7, 120) . As DNA uptake was later uncovered in diverse bacterial species, hypotheses developed that natural competence evolved to aid in three major processes: HGT, nutrition, and DNA repair [for reviews see (8, 15, 16) ]. It is acknowledged that DNA taken up by bacteria may not be used exclusively for one function or another, as extracellular DNA scavenged as nutrient may also be available for recombination onto the chromosome and for repair of damaged DNA when of sufficient sequence identity (8, 121, 122) . Current studies of natural competence suggest that DNA taken up by the competence apparatus may indeed serve multiple functions in the marine pathogen, V. cholerae, as well.
Horizontal Gene Transfer
Genome sequencing efforts for many bacteria, including vibrios, have revealed that horizontal acquisition of DNA by conjugation, transduction, and transformation has been responsible for diverse adaptation within microbial genomes (123, 124) . Virulence of V. cholerae is likely the result of multiple HGT events that allowed a benign marine bacterium to evolve into a major human pathogen (125) . Indeed, the essential virulence factor, cholera toxin, was shown in 1996 to be encoded on a bacterial prophage integrated into the V. cholerae genome (63) . The O139 serogroup of V. cholerae that emerged on the Indian subcontinent in 1992 also evolved from an O1 El Tor ancestor through horizontal acquisition of the genes encoding for the O139 antigen and capsule (126) . Chitin-induced natural competence has since been shown to be a mechanism that could promote both successful serogroup conversion of an O1 recipient by an O139 donor and the transfer of cholera toxin genes from one serotype to another (127, 128) . The presence of extracellular DNA in V. cholerae biofilms confirms that, like other bacteria, this marine bacterium contributes to a pool of extracellular genetic material that may aid in the evolution of vibrios by natural competence (32) .
Once extracellular DNA is transported to the cytoplasm of V. cholerae by the competence apparatus, successful recombination depends on the extent of DNA sequence similarity between recipient genome and incoming DNA (129) . Thus far, chitin-induced horizontal exchange of genetic material has been documented in lab settings between different V. cholerae isolates, but not between different members of the Vibrio genus (6, 127, 128) . Cooccurrence of vibrios has been documented in environmental settings (130, 131, 132) ; thus, the potential exists for cross-species DNA exchange. Sequence divergence between species members likely prevents extensive HGT or makes these rare events difficult to document by current methods for recording HGT in vibrios. In such cases, liberation of nucleic acids by periplasmic nucleases may serve an additional function in vibrios, namely food.
Chitin-induced HGT has been developed recently for combinatorial editing of the V. cholerae genome using a method called multiplex genome editing by natural transformation (MuGent) (133). Dalia et al. capitalized on observations that only a fraction of bacterial cells in a population typically becomes competent and transformed. In the case of V. cholerae, transformation frequencies (number of bacteria that acquire a selectable marker/total number of bacteria) have been reported to be ∼1×10 −5 (134) . Prior studies with naturally transformable Bacillus subtilis documented that the fraction of cells in a population that become competent are capable of being cotransformed with multiple unlinked alleles, a process termed congression (135) . By successive rounds of transformation with high concentrations of PCR DNA, the MuGent method introduced multiple, unmarked alleles onto the V. cholerae chromosome (133) . The technique may be broadly applicable for large-scale genome editing of naturally transformable bacteria, as it was demonstrated not only in V. cholerae using chitin-inducing conditions (shrimp shells) but also with S. pneumoniae.
Nutrition
"Nutritional competence" as opposed to natural transformation describes the processes by which exogenous DNA taken up by the competence machinery serves as a nutrient source for starving bacteria because the ability to "eat" DNA provides a competitive advantage in nutrient-limited environments (136) . The "DNA for food" hypothesis is strongly supported by numerous studies in many Gram − and Gram + bacteria (8, 15, 137, 138) . For example, E. coli can utilize extracellular DNA as a sole source of carbon and energy; however, mutants deleted for genes homologous to H. influenzae competence genes are unable to do so (137) .
Initially, the role of DNA as a nutrient source for naturally competent bacteria was proposed by Redfield for H. influenzae and B. subtilis (15) , following the 1992 study by Chandler demonstrating that H. influenzae competence is under control of CCR that serve to measure energy insufficiency (139) . Later, MacFayden et al. demonstrated that the presence of extracellular purine ribonucleotides also represses transcription of competence genes and competence development H. influenzae (108). It was noted that H. influenzae lacks CytR, the pyrimidine scavenging regulator, but encodes the purine regulator, PurR. However, H. influenzae mutants defective for PurR have not been described. V. cholerae natural competence is likewise regulated by a TfoXdependent CCR response and a CCR-dependent scavenging system, controlled by CytR (Fig. 2) (12, 13) .
Studies by Seper et al. are consistent with a model that the role of naked DNA extends beyond HGT, as V. cholerae is capable of utilizing extracellular DNA as a phosphate source due to the activity of the secreted Dns extracellular nuclease that is under quorum-sensing control (32) . Because V. cholerae transits between two distinct environments along its life cycle, it remains possible that this microbe evolved systems to utilize exogenous DNA as a source of nutrients. As proposed for H. influenzae (108) , perhaps an abundance of nucleosides available from neighboring cells lysis triggers a halt in production of the competence apparatus in V. cholerae in favor of plentiful extracellular nucleic acid pools.
Repair
The main support of "DNA for repair" is based on observations that several naturally competent bacteria have mechanisms to discriminate between self and foreign DNA. As discussed, QS does not control natural competence in N. gonorrhoeae and H. influenzae, which only take up DNA carrying DUS, perhaps to ensure "sexual isolation" (33) . In contrast, Gram + S. pneumoniae and B. subtilis require a peptide-based QS system to take up DNA without sequence specificity, perhaps limiting competence induction to conditions that may favor acquisition of "self" but not "foreign" DNA (8, 99, 122) . QS-proficient V. cholerae lacks uptake sequences and instead takes up DNA broadly (23) , in contrast to the archetypal Gram − N. gonorrhoeae and H. influenzae. Poor sequence identity apparently prevents incorporation by V. cholerae of DNA from distantly related bacteria, because transformants are detected only in experiments where the donor DNA originates from other V. cholerae isolates (6, 127, 128) but not from other Vibrio species, or other bacteria such as E. coli (23) (E. S. Antonova and B. K. Hammer, unpublished results).
It is typically believed that transformation involves the uptake of DNA passively released into the environment as a consequence of bacterial growth and senescence (138) . However, competent S. pneumoniae cells release factors to induce killing of noncompetent siblings in a population (140) , and N. gonorrhoeae also invoke DNA release from neighboring cells (141) . Although a general stress response appear to induce competence in both B. subtilis and S. pneumoniae (122) , DNA damage has not been shown to promote transformation as part of an SOS response to repair or bypass DNA lesions. The Gram − human stomach pathogen, Helicobacter pylori, which is likely exposed to constant DNA damage and requires DNA repair systems to survive in the host, lacks an SOS response like many bacteria, including V. cholerae. Nonetheless, H. pylori is proposed to use DNA uptake for repair as it induces both DNA uptake machinery and enzymes to liberate DNA from neighboring cells (142) . Legionella pneumophila, which also lacks an SOS response, in a similar manner induces competence for natural transformation as a response to antibiotics and UV radiation (143) .
V. cholerae mounts an SOS response when exposed to DNA-damaging agents, and recent studies suggest a potential link between SOS-induction and competence. Specifically, conditions that induce an SOS response can promote transcription of the integrase enzyme that mediates recombination events at the superintegron on V. cholerae chromosome 2 (144) . As ssDNA entering the V. cholerae cytoplasm by the competence apparatus may also induce the SOS response (145) , future studies may connect transformation to an SOS-controlled DNA repair.
HOW COMMON IS NATURAL COMPETENCE IN V. CHOLERAE AND OTHER VIBRIOS?
The majority of studies defining natural competence in V. cholerae have primarily been performed in only a few well-characterized clinical isolates (A1552, V060002, and C6706) (6, 100, 146) , as well as one environmental isolate (E7946) (66) . It remains unclear how common natural competence is among V. cholerae isolates from diverse locations and sources. Indeed, only a few other Vibrio species (V. parahaemolyticus, V. vulnificus, and V. fischeri) have been shown to be naturally transformable (17, 18, 19) . Other well-characterized vibrios, such as V. harveyi, appear to be defective under laboratory conditions sufficient to induce DNA uptake by other species (E. S. Antonova and B. K. Hammer, unpublished data). It remains possible that additional unique conditions remain to be discovered that are required to induce natural transformation in other vibrios. Indeed, most Streptococcus species can be experimentally induced to become naturally transformable, but specific extracellular conditions and regulatory systems natural competence are required for the various phylogenetic groups (147) . Streptococcus pyogenes, or group A streptococcus (GAS), was a notable exception to other Streptococci groups, expressing all known competence factors in laboratory conditions, but nonetheless transformation deficient. However, a recent study demonstrated that GAS could be induced to become naturally competent when grown as biofilms on keratinocytes that mimic the human nasopharynx (148) .
A recent study of a large set of clinical V. cholerae isolates obtained during the cholera outbreak that followed the 2010 earthquake in Haiti found that each V. cholerae isolate tested was defective for natural transformation (149) . Whole genome sequence analysis indicated the Haiti isolates were monophyletic with isolates from Nepal, in agreement with a prior hypothesis that the Haiti cholera epidemic arose from a single point source introduction from Southeast Asia (1) . Importantly, genome analysis also confirmed that the regulatory and competence apparatus genes of each isolate tested for transformation proficiency were identical to uptake-proficient isolate C6706 (149) , although the putative vc0857-0861 pilin-associated genes (20) had not been described at that time. The nature of the defect(s) responsible for the transformation deficiency of the Haiti isolates remains unknown, but such strains have the potential to reveal novel factors or signals that participate in competence regulation or apparatus function in V. cholerae. Whether natural competence and transformation observed in the few well-studied strains is common for V. cholerae or rare has not been established.
CONCLUSION
Multiple signaling systems coordinate natural competence in V. cholerae. However, many regulatory details remain unknown that directly connect each signaling system to the genes encoding the competence apparatus. Based on studies with limited Vibrio strains tested to date, competence appears to be closely linked to a set of signals specific to marine settings. Future studies with these and other isolates will invariably identify additional components and perhaps novel regulatory inputs that turn "on" and "off" natural competence and transformation in the vibrios. Further studies of both environmental and pathogenic vibrios may identify isolates with novel defects that compromise HGT via the competence apparatus. Such studies will continue to define the role of natural competence in genome evolution and fitness of the Vibrio bacteria.
